Gummadi L, Taylor L, Curthoys NP. Concurrent binding and modifications of AUF1 and HuR mediate the pH-responsive stabilization of phosphoenolpyruvate carboxykinase mRNA in kidney cells.
ions that facilitate the urinary excretion of acid and bicarbonate ions that partially restore acid-base balance. An essential component of this adaptive response is the rapid and pronounced increase in the cytosolic isoform of phosphoenolpyruvate carboxykinase (PEPCK) that occurs within the renal proximal convoluted tubule (12) . Previous transcription run-off experiments established that the rapid increase in PEPCK mRNA during acute onset of metabolic acidosis correlates with an increased transcription of the PCK1 gene (25, 26) . However, the data also suggested that the sustained increase in PEPCK expression during chronic acidosis is due, at least in part, to stabilization of the PEPCK mRNA. The pH-responsive increases in PEPCK mRNA and protein are reproduced when LLC-PK 1 -F ϩ -9C cells (39) , a clonal line of porcine proximal tubule-like kidney cells, are treated with an acidic medium (pH 6.9, 9 mM HCO 3 Ϫ ) for 24 h. The resulting fourfold increase in PEPCK protein is derived from increased transcription and a twofold stabilization of the PEPCK mRNA. Furthermore, the pH-responsive stabilization was recapitulated using a chimeric ␤-globin mRNA containing the full-length 3=-UTR of PEPCK, which was stably expressed in the LLC-PK 1 -F ϩ -9C cells from a Tet-regulated promoter. Previous studies also identified the combined PCK6 and PCK7 segments within the 3=-UTR of PEPCK mRNA as the elements that contribute to its rapid turnover (23) and mediate the pH-responsive stabilization (39) . The two segments contain highly conserved AU-rich elements (ARE) that bind two well-characterized RNA-binding proteins, human antigen R (HuR) and the 40-kDa isoform of AUfactor-1 (p40AUF1), with high affinity and specificity.
HuR is a 36-kDa protein that normally is localized predominantly in the nucleus (28) . It contains three conserved RNA recognition motifs (8) and a 33-amino acid hinge region that functions as a nucleocytoplasmic shuttling sequence (18) . In response to various stress conditions, HuR affects the translation and enhances the stability of many mRNAs that contain an ARE (19) . However, the mechanism by which HuR mediates the stabilization of mRNAs is poorly understood (7, 28) . The shuttling of HuR to the cytoplasm in response to stress conditions, such as heat shock (21) , UV irradiation (49) , amino acid starvation (51) , chronic ethanol exposure (38) , hypoxia (33) , and ATP depletion (27) , correlates with its ability to stabilize mRNAs (35, 49) . Alternatively, posttranslational modifications of HuR may affect its RNA-binding affinity or its ability to associate with additional RNA stabilizing factors (2, 16, 29, 34) .
The AUF1 or hnRNP D family of proteins contains four isoforms (p37, p40, p42, and p45) that are produced by alternative splicing of a single pre-mRNA (14, 17, 47, 52) . Previous studies have established that AUF1 can either stabilize or destabilize various mRNAs by binding to specific ARE-con-taining segments. The specific effect of AUF1 binding has been postulated to be cell specific, due to changes in the relative abundance of the AUF1 isoforms, or result from various posttranslational modifications (31, 43, 50) . HuR and AUF1 share a number of common ARE-binding sites and multiple studies have demonstrated that the two RNA-binding proteins can interact and form a physical association (30, 37, 41) . Thus, the dynamic interaction between HuR and AUF1 may determine whether the complex mediates the rapid turnover or facilitates the stabilization of a specific mRNA (3) .
Previous studies established that siRNA knockdown of HuR decreased both the basal level and the increased expression of PEPCK mRNA that occurs when LLC-PK 1 -F ϩ -9C cells are treated with acidic medium (39) . By contrast, the partial knockdown of AUF1 failed to affect either the basal or the pH-responsive expression of PEPCK mRNA. Therefore, the focus of the current study was to further assess the individual roles and the potential combinatorial effects of HuR and AUF1 in mediating the pH-responsive increase in PEPCK mRNA in LLC-PK 1 -F ϩ -9C cells. Interestingly, the resulting data established that expression of HuR is necessary, but not sufficient, to produce a pH-responsive stabilization of PEPCK mRNA. However, the co-recruitment of chimeric constructs of the MS2 coat protein (MS2cp) and of HuR and of p40AUF1 is sufficient to impart a pH-responsive stabilization to a ␤-globin-PCK2 (␤G-PCK2) reporter mRNA that contains six MS2 stem-loop elements. The concomitant knockdown of HuR and AUF1 completely abolished the pH-responsive increases in PEPCK mRNA and protein. Furthermore, two-dimensional Western blot analyses indicated that the extent of phosphorylation of HuR and possibly AUF1 is altered in response to treatment of LLC-PK 1 -F ϩ -9C cells with an acidic medium. Therefore, a remodeling of the HuR/AUF1 complex associated with the 3=-UTR may mediate the stabilization of PEPCK mRNA when kidney cells are challenged with an acidotic stress.
MATERIALS AND METHODS

Cell culture and siRNA transfections. LLC-PK1-F
ϩ -9C cells (39) were cultured in DMEM-base medium (Sigma) supplemented with penicillin/streptomycin (Sigma), 10% fetal bovine serum, 5 mM glucose, 26 mM NaHCO 3, 17 mM NaCl, 2 mM glutamine, 5 mM pyruvate, 5 M phenol red, and 10 mM HEPES, pH 7.4 at 37°C in a 5% CO 2 atmosphere. A physiologic mimic of metabolic acidosis was recapitulated using an acidic (pH 6.9) medium, which was prepared as above, except that 9 mM NaHCO 3 and 34 mM NaCl were added to reduce the pH while maintaining equivalent osmolarity (22) . A preannealed double-strand stealth siRNA (Invitrogen) targeting the coding region of porcine HuR (HuR97 forward strand -CAGGAG-GAGUUACGAAGUCUGUUCA) and a control siRNA that is not encoded in the human, rat, or mouse genome (ctrl378 forward strand -UGUAGGUAGAAGCUAUCAUUACGUG) were used at a final concentration of 30 and 50 nM, respectively. To silence pig AUF1, two separate siRNA oligos that target exon 3, which is common to all four isoforms of AUF1 (378AUF forward strand -CACUCUGA-AGUUAGAUCCUAUCACA and 429AUF forward strand -UUUA-GGAUCAAUCACCUUCCCAUUC), were used in a combination of 50 nM each. The siRNAs were transfected into 70 -80% confluent cells in 12-well plates using Lipofectamine RNAiMAX (Invitrogen) as described previously (39) . After 48 h, cells were treated with either pH 7.4 or pH 6.9 medium for 24 h before harvesting in 100-l lysis buffer for Western blots (40) or in 250-l TRIzol reagent for RNA isolation.
RNA extraction and real-time quantitative PCR. Total RNA was isolated using TRIzol (Invitrogen) as per the manufacturer's protocol. An Oligo-dT 18 primer (IDT) and the avian myeloblastosis virusreverse transcriptase (Promega) were used to reverse transcribe 1 g of RNA. Gene-specific primers and Taqman probes for the detection of endogenous porcine PEPCK mRNA and the control GAPDH mRNA were used for the real-time quantitative PCR (RT-qPCR) analysis as previously reported (39) .
Chimeric MS2 expression plasmids. A chimeric reporter construct (p␤G-PCK2) that expresses a ␤-globin-PCK2 mRNA from a tetracycline-responsive promoter was created and maintained as reported earlier (23) . This construct contains a tetracycline-responsive promoter, the coding region of the rabbit ␤-globin (␤G) gene, the 5=-fragment (381 bp) of the 3=-UTR of rat PEPCK cDNA (PCK2), and the polyadenylation site of bovine growth hormone (bGH) cDNA. The pPC-␤6bs plasmid (36) , which is a derivative of pcDNA3.0 (Invitrogen) that encodes six copies of MS2 coat protein-binding sites, was obtained as a kind gift from Jeffrey Wilusz (Department of Microbiology, Immunology and Pathology, Colorado State University). Each of the MS2 stem-loops differs from the wild type by an A¡C high-affinity mutation in the loop sequence ( B: p␤G-MS2 plasmid contains a tetracycline-responsive promoter element (TRE), the complete coding region for rabbit ␤-globin (␤G), and a 3=-UTR that contains 6 copies of the MS2 stem-loop sequence (6 ϫ MS2). The p␤G-PCK2-MS2 plasmid also encodes the PCK-2 sequence that constitutes the 5=-half of the 3=-UTR of rat phosphoenolpyruvate carboxykinase (PEPCK) mRNA. C: MS2 coat protein (MS2cp) fusion contains an NH2-terminal FLAG epitope that is in-frame with the MS2cp sequence. The remaining fusion proteins also contain a hydrophilic linker sequence followed by the mouse human antigen R (HuR) or human p40-AUF1 sequence. digestion of pPC-␤6bs released a 314-bp fragment containing six repeats of the MS2 coat protein-binding sites. This fragment was inserted into the NotI and XbaI sites of p␤G-PCK2 to create the MS2 reporter construct, p␤G-PCK2-MS2. This construct retains a single AUF-1-binding site within the PCK2 segment (Fig. 1B) . A control reporter construct that lacks the AUF1-binding site, p␤G-MS2, was also created using the same strategy, except that the starting plasmid lacked the PCK-2 sequence.
MS2 fusion proteins. The pcNMS2-Flag (36) plasmid was also obtained from the Wilusz lab. pcNMS2-Flag encodes an NH 2-terminal flag peptide sequence that is in-frame with MS2 coat protein (MS2cp). The inserted MS2cp sequence encodes a mutated form of the MS2 bacteriophage coat protein that contains two point mutations (V75E; A81G). The two mutations prevent protein multimerization but retain high-binding affinity to the MS2-stem loop binding sites (32) . The open reading frame of mouse HuR was PCR amplified from pGEMTeasy-mHuR (39) with primers containing 5=-BglII (5=-GAC-TAGATCTAGCG CCATGTCTAATGG-3=) and 3=-XbaI (5=-CGA TTTCTAGATTAAACTTTGTGGGACTTG-3=) sequences and cloned in frame with the COOH terminus of the MS2cp sequence (Fig. 1C) . Similarly, the p40AUF1 coding sequence was PCR amplified from pGEMTeasy-p40AUF1 (23) with forward (5=-AATTGGATCCA-AAGCCATGTCGGAGG-3=) and reverse (5=-GTCCGATGCTAG-CTTAAA CGTATGGTTTGTAGC-3=) primers and inserted in-frame at the BamHI and NheI sites that are downstream of the MS2cp-sequence.
mRNA half-life analysis. To assess mRNA half-lives, the ␤-globin reporter RNA plasmids were stably cotransfected with pcDNA3.1/ Hygro (Invitrogen) into LLC-PK 1-F ϩ -9C cells that stably express the tTA protein (44) . The stable transformants were grown in six-well plates in normal medium containing 100 ng/ml doxycycline (Dox) until 70% confluent. The cells were then transiently transformed with pFlag-MS2cp-HuR (2 g) or pFlag-MS2cp-p40AUF1 (2 g) plasmid and maintained in normal (pH 7.4) medium minus Dox for 2 days, before being treated with acidic medium (pH 6.9) for 24 h. RNA was isolated at various times after the addition of 1 g/ml Dox to completely arrest transcription. The relative levels of ␤-globin and GAPDH mRNAs were quantified by RT-qPCR and normalized to GAPDH mRNA. Since the kidney cells do not express ␤-globin, the RT-PCR assay detects only the reporter RNA and serves as a common read-out for all the ␤-globin-based reporters. The RT-PCR assay for ␤G-cDNAs used forward (5=-TCAGTGAGGGTCTGAATCACC-3=) and reverse (5=-CTGCACCTGAGGAGTGA ATTC-3=) primers and a Taqman probe (5=-FAM-CACCTTTGCTAAGCTGAGTGAACTG CAC-BHQ1-3=).
Western blot analysis. Bradford assays (6) were performed to determine the concentration of the protein lysates. Samples containing 15 g of protein were resolved by 10% SDS-PAGE and transferred to Immobilon-F membranes (Millipore). The blots were probed with a mouse monoclonal antibody to HuR (Santa Cruz Biotechnology) and rabbit polyclonal antibodies to AUF1 (Millipore) and PEPCK (Abgent). The blots were reprobed for ␤-tubulin (Sigma) as a loading control. Subsequently, the blots were developed with goat anti-rabbit 800 and goat anti-mouse 680 (LiCor) secondary antibodies and the resulting fluorescence was quantified using an Odyssey Infra-red Imager.
Two-dimensional Western blot analyses. Total cell extracts were prepared from 10-cm plates of confluent LLC-PK1-F ϩ -9C cells that were either maintained in pH 7.4 medium or treated with pH 6.9 medium for 24 h before lysis. The freshly prepared lysis buffer contained 7 M urea, 2 M thiourea, 4% wt/vol CHAPS, and 30 mM Tris, pH 8.8 (13) supplemented with 0.1 mg/ml PMSF, 10% protease inhibitor cocktail (Sigma), and 3% Halt phosphatase inhibitor (Pierce). The cell extracts were incubated on ice for 10 min followed by centrifugation for 5 min at 4,000 g at 4°C. A sample containing 30 g of the supernatant of the total cell lysate was diluted to 450 l with rehydration buffer and applied to a 7-cm precast IPG Immobiline DryStrip (pH 6 -11) purchased from GE Healthcare. Strips were covered with mineral oil and actively rehydrated for 16 h on IPGphor apparatus (GE Healthcare) at 50 A/strip at 20°C followed by first dimension focusing using 500 V for 1 h, 1,000 V for 1 h, and 8,000 V for 6 h. After being focused, the strips were rinsed, reduced with 1% DTT in equilibration buffer (7 M urea, 2 M thiourea, 4% CHAPS, 1% bromophenol blue), and then treated with 2.5% iodoacetamide. The proteins were resolved in a second dimension on a 12% SDSpolyacrylamide gel, blotted to an Immobilon-F membrane at 100 V for 60 min, and then probed with the appropriate antibodies.
RESULTS
HuR is necessary for the pH-responsive stabilization of PEPCK mRNA. Previous studies (39) established that the half-life of the endogenous PEPCK mRNA is increased from 3.2 to 6.1 h when LLC-PK 1 -F ϩ -9C cells are transferred from normal (pH 7.4, 26 mM HCO 3 Ϫ ) to acidic (pH 6.9, 9 mM HCO 3 Ϫ ) medium. The twofold stabilization was reproduced using a chimeric reporter mRNA (␤G-PCK1), which contains the 5=-UTR and coding region for ␤-globin (␤G) and the full-length 3=-UTR of PEPCK mRNA (PCK1). However, this response was lost when a binding site for HuR within the highly conserved AU sequence of the PCK6 segment was mutated. To further investigate the possible role of HuR in the stabilization of PEPCK mRNA, a siRNA was used to knockdown the level of HuR in LLC-PK 1 -F ϩ -9C cells. Western blot analysis demonstrated that this treatment decreased HuR expression by 90% ( Fig. 2A) . As reported previously (39) , the decreased expression of HuR caused a pronounced decrease in the basal level of PEPCK protein and reduced the pH-responsive increase in expression from four-to threefold (Fig. 2B) . With the decreased expression of HuR, the measured half-lives of the PEPCK mRNA in normal (t 1/2 ϭ 4.0 h) or acidic medium (t 1/2 ϭ 4.5 h) were not significantly different (Fig.  2C) . Therefore, a decrease in HuR expression inhibits basal expression and prevents the pH-responsive stabilization of PEPCK mRNA, but apparently does not inhibit the enhanced transcription of the PCK1 gene. Thus, HuR is a necessary component of the mechanism that mediates the stabilization of PEPCK mRNA.
Effect of recruitment of HuR and AUF1 to an MS2-based reporter mRNA. A recruitment assay was developed to further test the role of HuR and AUF1 in the pH-responsive stabilization of PEPCK mRNA. This assay makes use of the highaffinity interaction between the MS2cp and a unique RNAbinding site within the MS2 phage that forms a stem-loop structure (32) . Initially, a chimeric ␤G-MS2 mRNA was stably expressed in LLC-PK 1 -F ϩ -9C cells from a tetracycline-responsive promoter. However, preliminary experiments indicated that this mRNA has a half-life of 17 h in cells grown in normal medium (data not shown). Therefore, an alternate reporter mRNA (␤G-PCK2-MS2) was developed. The latter mRNA contains the standard rabbit ␤-globin coding sequence followed by the PCK2 segment of the 3=-UTR of PEPCK mRNA and six MS2 stem-loops. The PCK2 segment contains an instability element that binds AUF1, but it does not contribute to the pH-responsive stabilization of PEPCK mRNA (23) . Inclusion of the PCK2 segment produced a reporter mRNA that decays with a half-life (t 1/2 ϭ 2.9 h) that can be more accurately quantified and that facilitates the identification of stabilizing interactions. Most importantly, the half-life of the ␤G-PCK2-MS2 reporter mRNA is not affected by treating the cells with an acidic medium (data not shown).
To determine the effect of HuR recruitment, cells that stably express the ␤G-PCK2-MS2 mRNA were transiently transfected with a plasmid that expresses the chimeric MS2cp-HuRbinding protein. Western blot analyses confirmed that the chimeric MS2cp-HuR was expressed at a level slightly greater than the level of endogenous HuR (Fig. 3A) . Expression of the chimeric MS2cp-HuR-binding protein increased the half-life of the ␤G-PCK2-MS2 mRNA ϳ1.5-fold (t 1/2 ϭ 4.7 h) in cells grown in normal medium (Fig. 3B) . However, the reporter mRNA did not exhibit a significant change in stability when cells were treated with acidic medium (t 1/2 ϭ 4.3 h). Therefore, the recruitment of HuR was not sufficient to produce a pHresponsive stabilization of the reporter mRNA.
Previous studies (23) established that p40AUF1 binds to many of the same segments within the 3=-UTR of PEPCK mRNA that bind HuR (39) . Therefore, the recruitment assay was also used to determine the effect of transient expression of the chimeric MS2-p40AUF1-binding protein. Western blot analysis again demonstrated MS2-p40AUF1 was expressed at a level similar to the sum of the endogenous AUF1 isoforms (Fig. 4A) . The transient expression of the chimeric MS2-p40AUF1-binding protein had little effect on the half-life of the ␤G-PCK2-MS2 mRNA (t 1/2 ϭ 3.8 h) in cells grown in normal medium (Fig. 4B) . The recruitment of MS2-p40AUF1 also failed to produce a significant change in half-life of the reporter mRNA when the cells were treated with an acidic medium (t 1/2 ϭ 3.5 h). Thus, the recruitment of p40AUF1 was also not sufficient to produce a pH-responsive stabilization of the reporter mRNA.
Next, the effect of coexpressing the MS2cp-HuR and MS2cp-p40AUF1 proteins was determined. Since the two chimeric proteins are recruited through the same RNA/protein interaction, coexpression should result in concomitant binding of the MS2cp-HuR and MS2cp-p40AUF1 proteins to one or more of the six adjacent MS2 stem-loops. In contrast to the preceding experiments, coexpression of the two chimeric proteins produced a significant stabilization of the ␤G-PCK2-MS2 mRNA when cells were switched from normal (t 1/2 ϭ 4.1 h) to acidic medium (t 1/2 ϭ 6.1 h; Fig. 5 ). This finding indicates that the pH-responsive stabilization requires the concurrent binding of HuR and p40AUF1 to the terminal segment of the 3=-UTR of the PEPCK mRNA. This finding also implies that HuR and AUF1 must associate with adjacent binding sites in the PEPCK mRNA.
Co-knockdown of HuR and AUF1 abolishes the pH-responsive increase in PEPCK mRNA and protein. Previous attempts to knockdown AUF1 expression using a single siRNA resulted in only a modest decrease in the three isoforms (39) . However, by using a combination of two new siRNAs that are complementary to sequences contained in all of the AUF1 mRNAs, an 80% reduction in total AUF1 protein expression was achieved (Fig. 6A ). This level of knockdown produced a slight increase in basal levels of PEPCK mRNA (Fig. 6B) and protein (Fig.  6C ) but decreased the pH-responsive increase in PEPCK. Thus, AUF1 may contribute to the rapid degradation of PEPCK mRNA under normal conditions, but it may contribute to the increased expression that occurs in acidic medium. Most importantly, the silencing of both HuR and AUF1 had little effect on the expression in normal medium, but completely blocked the pH-responsive increases of PEPCK mRNA (Fig. 6B) and protein (Fig. 6C) . These results support the view that HuR may enhance expression of PEPCK in normal medium, while AUF1 may have an inhibitory effect. However, a cooperative interaction between the two RNA-binding proteins is required to mediate the pH-responsive increase in PEPCK mRNA.
Two-dimensional gel analyses of potential posttranslational modifications of HuR and AUF1. Both the MS2-recruitment studies and the co-knockdown experiments suggest that the pH-responsive stabilization of PEPCK mRNA requires a remodeling of the concurrent binding of HuR and AUF1 to the AREs within the PCK6 and PCK7 segments of the 3=-UTR. However, neither HuR nor AUF1 exhibits a significant increase in expression or cytoplasmic localization when LLC-PK 1 -F ϩ -9C cells were treated with an acidic medium (39). Therefore, two-dimensional gel electrophoresis and Western blotting were used to assess whether changes in posttranslational modifications may contribute to the stabilizing effect of the bound HuR/AUF1 complex. HuR has a molecular mass of ϳ36 kDa and a predicted pI of 9.9. In extracts of LLC-PK 1 -F ϩ -9C cells that were maintained in normal medium, HuR migrates with the expected molecular mass, but contains three distinct species that differ slightly in isoelectric points (Fig. 7A) . The predominant species in normal lysates is the form with the intermediate isoelectric point. When the cell lysate was pretreated with Lambda protein phosphatase, the three species were predominately shifted to a new form that has a more basic pI, consistent with the removal of phosphate groups. When the lysate was prepared from LLC-PK 1 -F ϩ -9C cells that were treated with acidic medium, the same three species were observed (Fig. 7B) . However, the pattern was shifted compared with normal extracts in that the most basic isoform was now the predominant species. Treatment of this lysate with the Fig. 4 . Recruitment of MS2cp-p40AUF1 is also not sufficient to impart a pH-responsive stabilization of ␤G-PCK2-MS2 mRNA. A: LLC-PK1-F ϩ -9C cells that stably express the ␤G-PCK2-MS2 reporter RNA were transiently transfected with 2 g of pFlag-MS2cp-p40AUF1 and maintained in normal (pH 7.4) medium before being harvested with lysis buffer. Western blot analysis was performed to assess the expression of the endogenous and chimeric forms of AUF1. B: half-life analysis of the ␤G-PCK2-MS2 reporter RNA in LLC-PK1-F ϩ -9C cells that transiently express MS2cp-p40AUF1. Cells were maintained in minimal Dox (100 ng/ml) until 70% confluent. Following transient transfection with 2 g of expression plasmid, the cells were maintained in normal (pH 7.4) medium minus Dox for 48 h. The cells were then treated with normal (red) or acidic (green) medium for 24 h. RNA was isolated at various times after addition of 1 g/ml Dox to arrest transcription. The relative levels of ␤-globin and GAPDH mRNAs were quantified by RT-qPCR. The log of normalized data was then plotted against the time after Dox addition. The reported data are means Ϯ SE of triplicate samples. ϩ -9C cells that stably express the ␤G-PCK2-MS2 reporter RNA were transiently transfected with 2 g of pFlag-MS2cp-HuR and then maintained in normal (pH 7.4) medium before being harvested with lysis buffer. Western blot analysis was performed to assess the expression of the endogenous and chimeric forms of HuR. B: half-life analysis of the ␤G-PCK2-MS2 reporter RNA in LLC-PK1-F ϩ -9C cells that transiently express MS2cp-HuR. Cells were maintained in minimal doxycycline (Dox; 100 ng/ml) until 70% confluent. Following transient transfection with 2 g of expression plasmid, the cells were maintained in normal (pH 7.4) medium minus Dox for 48 h. The cells were then treated with normal (red) or acidic (green) medium for 24 h. RNA was isolated at various times after addition of 1 g/ml Dox to arrest transcription. The relative levels of ␤-globin and GAPDH mRNAs were quantified by RT-qPCR. The log of the normalized data was then plotted against the time after Dox addition. The reported data are means Ϯ SE of triplicate samples.
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protein phosphatase again shifted the three charged isoforms to the single more basic form as observed following phosphatase treatment of normal lysates. Therefore, HuR may be phosphorylated at multiple sites in LLC-PK 1 -F ϩ -9C cells and the treatment of cells with acidic medium may reduce the overall level of phosphorylation of HuR.
LLC-PK 1 -F ϩ -9C cells express high levels of p45-, p42-, and p40-AUF1, but very low levels of the p37-isoform. However, the p42-and p40-isoforms comigrate on an SDS gel. Thus, only two apparent molecular weight species were identified when the two-dimensional gels were probed with AUF1 antibodies (Fig. 8) . However, each isoform produced multiple variants that differ in apparent pI and that may reflect differences in covalent modifications. Pretreatment of the normal lysate with Lambda protein phosphatase produced only a slight increase in the more basic species of the multiple AUF1 variants. Thus, the complex pattern of AUF1 variants may result primarily from covalent modifications other than phosphorylation. By contrast, a lysate prepared from cells treated with acidic medium exhibits a pattern in which the more acidic variants of both the p45-and p42/p40-AUF1 isoforms are more abundant. When this lysate is pretreated with protein phosphatase, the pattern becomes more similar to that observed for the nonphosphatase-and phosphatase-treated normal lysates. However, additional variants, which migrate with a more basic pI, are also formed (Fig. 8) . These data indicate that acidic treatment of LLC-PK 1 -F ϩ -9C cells may lead to an increase in phosphorylation of the various isoforms of AUF1.
DISCUSSION
Previous experiments demonstrated that siRNA silencing of the RNA-binding protein HuR decreased the basal and the pH-stimulated levels of PEPCK mRNA and protein in LLC-PK 1 -F ϩ -9C cells (39) . In the current study, the effect of siRNA knockdown of HuR on the half-life of the endogenous PEPCK mRNA was assessed directly. Transfer of LLC-PK 1 -F ϩ -9C cells from normal to acidic medium produces a twofold increase in the half-life of PEPCK mRNA (39) . However, following the knockdown of HuR, the endogenous PEPCK mRNA decayed with same half-life (t 1/2 ϭ 4.0 and 4.5 h) in cells treated with normal or acidic medium, respectively (Fig.  2) . This finding indicates that HuR is at least one of the transacting factors that are required for the pH-responsive stabilization ϩ -9C cells were transfected with 50 nM control siRNA or 100 nM AUF1 siRNAs in the absence or presence of 30 nM HuR siRNA. After 2 days, the cells were maintained in either normal (pH 7.4) or acidic medium (pH 6.9) for 24 h and then harvested with lysis buffer or TRIzol. A: Western blot analysis was performed to monitor the expression of PEPCK, HuR, AUF1, and ␤T proteins. B: levels of PEPCK and GAPDH mRNAs were determined by RT-qPCR. C: levels of PEPCK and ␤T proteins were quantified from the Western blots. The relative levels of PEPCK mRNA (B) and protein (C) in the normal (hatched bars) and acidic samples (filled bars) are means Ϯ SE of triplicate samples. Fig. 5 . Recruitment of both MS2cp-HuR and MS2cp-p40AUF1 imparts a pH-responsive stabilization of ␤G-PCK2-MS2 mRNA. Half-life analysis of the ␤G-PCK2-MS2 reporter RNA in LLC-PK1-F ϩ -9C cells that transiently express MS2cp-HuR and MS2cp-p40AUF1. Cells were maintained in minimal Dox (100 ng/ml) until 70% confluent. Following transient transfection with 2 g of both expression plasmids, the cells were maintained in normal (pH 7.4) medium minus Dox for 48 h. The cells were then treated with normal (red) or acidic (green) medium for 24 h. RNA was isolated at various times after addition of 1 g/ml Dox to arrest transcription. The relative levels of ␤-globin and GAPDH mRNAs were quantified by RT-qPCR. The log of normalized data was then plotted against the time after Dox addition. The reported data are means Ϯ SE of triplicate samples.
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of PEPCK mRNA. The loss of the pH-responsive stabilization caused only a slight decrease in the fold increase in PEPCK mRNA and protein that occur when cells are transferred from normal to acidic medium. The residual response is probably due to an increased transcription of the PCK1 gene (20, 40) . The combined analyses also indicated that the observed decrease in basal expression of PEPCK mRNA and protein was not due to a more rapid decay of the PEPCK mRNA. Thus, the binding of HuR may also enhance the processing, nuclear export, and/or translation of the PEPCK mRNA. These observations are consistent with the accepted roles of HuR in enhancing the translation and stability of its cognate mRNAs (7, 34) .
By contrast, siRNA-mediated silencing of AUF1 caused a slight increase in the basal levels of PEPCK mRNA and protein, but partially inhibited the pH-responsive increases that normally occur when the cells are transferred to an acidic medium (Fig. 6 ). Not surprisingly, the co-knockdown of HuR and AUF1 has offsetting effects on basal expression of PEPCK mRNA and protein. However, the concurrent reduction of both RNA-binding proteins completely blocked the pH-responsive increases in the levels of PEPCK mRNA and protein. Therefore, HuR and AUF1 may impart opposing effects on the basal expression of PEPCK mRNA, but a cooperative interaction between the two RNA-binding proteins may be required to mediate the pH-responsive increase in renal PEPCK. However, the observation that the knockdown of AUF1 alone reduced the pH-responsive increase in PEPCK expression was surprising and is difficult to explain. A possible explanation is that AUF1 may also contribute to the increased transcription of the PCK1 gene. This hypothesis is supported by recent studies, which demonstrated that the nuclear isoforms of AUF1, p42 and p45, bind with high affinity to the promoter and strongly activate transcription of the catalytic subunit of telomerase (42) .
An MS2 recruitment assay was developed to further assess the prerequisite for coordinate binding of HuR and AUF1. Previous studies used reporter mRNAs containing multiple MS2-binding elements to characterize the function of proteins involved in mRNA processing, trafficking, localization, and decay (4, 10). Various RNA-binding proteins affect mRNA turnover by either recruiting or blocking the recruitment of a deadenylase and the cellular complexes that mediate the degradation of the mRNA. Thus, the function of the MS2-MS2cp recruitment is simply to experimentally position the identified binding proteins on the 3=-UTR of a reporter mRNA that is not pH-responsive so they can form the protein/protein interactions that are necessary for stabilization. To study mRNA stabilization, it was necessary to design a reporter mRNA that decayed with a half-life that was easily quantified and could still be used to detect a significant stabilization. This required the inclusion of the PCK2 segment that constitutes the 5=-half of the 3=-UTR of the PEPCK mRNA and contains an instability element (23) . The resulting reporter mRNA, ␤G-PCK2-MS2, was identical to the ␤G-PCK-1 reporter mRNA, which exhibits a pH-responsive stabilization, except that the portion of the 3=-UTR of PEPCK mRNA that contains the pH response elements was replaced with six copies of the MS2-binding element. The two reporter mRNAs decayed with similar half-lives when the cells were grown in normal medium. However, by contrast to the ␤G-PCK1 mRNA, the ␤G-PCK2-MS2 mRNA was not stabilized when the cells were transferred to acidic medium. In addition, the individual recruitment of MS2cp-HuR or MS2cp-p40AUF1 failed to produce a pH-responsive stabilization of the ␤G-PCK2-MS2 mRNA. However, the coexpression of the two fusion proteins produced a 1.5-fold increase in the half-life of the reporter mRNA when cells were transferred to acidic medium. The observed stabilization was both reproducible and significant. Thus, the observed pH-responsive stabilization of the ␤G-PCK2-MS2 mRNA strongly supports the hypothesis that the concurrent association and probable interaction of HuR and p40AUF1 within the terminal segment of the 3=-UTR are necessary to mediate the pH-responsive stabilization of PEPCK mRNA in LLC-PK 1 -F ϩ -9C cells. The observed stabilization is slightly less than the twofold stabilization observed with the endogenous PEPCK mRNA or the ␤G-PCK1 reporter mRNA. There are numerous possibilities as to why the recruitment of the tethered RNA-binding proteins may be less than optimal compared with the direct binding of HuR and AUF1 to the normal pH response element. For example, the RNAbinding affinities of HuR and AUF1 are affected by changes in phosphorylation (2, 15, 50) . This effect would not be reproduced in the recruitment assay.
The expression and the nucleocytoplasmic shuttling of HuR or AUF1 are unaltered when LLC-PK 1 -F ϩ -9C cells are transferred from normal to acidic medium (39) . Therefore, twodimensional gel electrophoresis was used to determine whether HuR or AUF1 underwent pH-responsive changes in covalent modification. Isoelectric focusing of HuR identified three variants, each of which has a pI that is more acidic than the unmodified protein. Treatment of the cell lysates with a protein phosphatase produced a pronounced shift to a new variant that had a more basic pI, consistent with the removal of multiple phosphates. Comparison of the relative abundance of the three variants indicated that treatment of cells with acidic medium caused a decrease in phosphorylation of HuR. Previous studies identified 14 sites of phosphorylation in HuR that occur in various types of cells in response to multiple stimuli that activate different signaling pathways (1, 15) . The various modifications have been reported to affect the binding affinity of HuR with various mRNAs, its nucleocytoplasmic distribution, and its ability to stabilize specific mRNAs. For example, oxidative stress promotes the dissociation of HuR from the SIRT1 mRNA causing its more rapid degradation (2) . Analysis of the effects of expressing various nonphosphorylatable mimetics of HuR demonstrated that phosphorylation on T118 and S88 promoted HuR binding, while phosphorylation of S100 inhibited its interaction with the SIRT1 mRNA. Thus, a change in phosphorylation of HuR may also affect its interaction with the PEPCK mRNA. Unfortunately, neither the sites nor the kinases that mediate the phosphorylation of HuR in LLC-PK 1 -F ϩ -9C cells are currently known.
Previous studies used two-dimensional gel electrophoresis to assess changes in covalent modifications of AUF1 in RAW 264.7 cells by lipopolysaccharide stimulation (9) and in parathyroid cells upon changes in serum Ca 2ϩ and phosphate (5). The previous analyses also concluded that each isoform of AUF1, produced by alternative splicing, undergoes extensive and variable covalent modifications to produce multiple variants. Thus, the complex pattern observed with lysates of LLC-PK 1 -F ϩ -9C cells is consistent with the previous reports. However, the lysates from the cells treated with acidic medium Interactions between the cap binding proteins (4E and 4G) and the polyA binding protein (PABP) cause a mRNA to form a circular structure that enhances translation. During normal acid-base balance, both HuR and AUF1 bind to the AU-rich sequences within the 3=-UTR of the PEPCK mRNA that function as a pH response element. The resulting complex recruits a deadenylase (Deaden) that removes the polyA tail and causes dissociation of the PABPs. The deadenylated mRNA is rapidly degraded from the either the 3=-end by the exosome or the 5=-end by decapping and degradation in processing bodies. In response to metabolic acidosis, the levels of phosphorylation of HuR and AUF1 are decreased and increased, respectively. These changes lead to increased binding of HuR and a remodeling of the HuR/AUF1 complex that is bound to the 3=-UTR of PEPCK mRNA. The new complex is less effective at recruiting the Deaden and thereby promotes stabilization of the PEPCK mRNA. exhibit a significant increase in the variants that have a more acidic pI. This shift was reversed by treatment with protein phosphatase, consistent with the removal of phosphate groups. By contrast, protein phosphatase treatment of the normal lysates had little effect on the observed pattern of variants. Thus, multiple variants of AUF1 may be produced by covalent modification other than phosphorylation. However, treatment with an acidic medium may result in an increase in phosphorylation of AUF1.
The combined analyses suggest that opposite changes in phosphorylation of HuR and AUF1 may promote the stabilization of the PEPCK mRNA in response to conditions that model a metabolic acidosis. We recently developed a novel RNA pull-down assay that utilizes the expression of chimeric Halo-tag constructs of HuR and AUF1. This analysis established that HuR and AUF1 form a complex in intact LLC-PK 1 -F ϩ -9C cells and that the binding of HuR to the 3=-UTR of PEPCK mRNA is increased when the cells are treated with acidic medium (unpublished data of Gummadi L, Taylor L, and Curthoys NP). Thus, the following hypothesis is proposed to model our current understanding of the pH-responsive stabilization of PEPCK mRNA (Fig. 9) . During normal acid-base balance, both HuR and AUF1 bind to the 3=-UTR of PEPCK mRNA. The associated AUF1 recruits a deadenylase that promotes deadenylation and initiates the more rapid degradation of the PEPCK mRNA. The onset of acidosis leads to changes in phosphorylation of the two RNA-binding proteins and an increased binding of HuR. The remodeled complex is less effective in recruitment of the deadenylase and thus leads to stabilization of the PEPCK mRNA. Further documentation of this hypothesis will require identification of the sites of covalent modification of HuR and AUF1 that occur in LLC-PK 1 -F ϩ -9C cells.
